Abstract: Most measurements of dairy manure nitrogen (N) availability depend on net changes in soil inorganic N concentration over time, which overlooks the cycling of manure N in the soil. Gross transformations of manure N, including mineralization (m), immobilization (i), and nitrification (n), can be quantified using 15N pool dilution methods. This research measures gross m, n, and i resulting from application of four freeze-dried dairy manures that had distinctly different patterns of N availability. A sandy loam soil (coarse-loamy, mixed, frigid Typic Haplorthod) was amended with four different freeze-dried dairy manures and incubated at 25°C with optimal soil water content. The dilution of 15arnmonium (NH4+) during a 48-h interval (7-9 d and 56-58 d after manure application) was used to estimate m, whereas the dilution of 15nitrate (N03) was used to estimate n. Gross immobilization was calculated as gross minus net mineralization. Gross mineralization in the unamended soil was similar at 7-to 9-d and 56-to 58-d intervals and was significantly increased by the application of manures. For both amended and unamended soil, m was much greater (i.e., three-to nine-fold) than estimated net mineralization, illustrating the degree to which manure N can be cycled in soil. At the early interval, both m and i were directly related to the manure C input, demonstrating the linkage between substrate C availability and N utilization by soil microbes. This research clearly shows that the application of dairy manures stimulates gross N transformation rates in the soil, improving our understanding of the impact of manure application on soil N cycling.
INTRODUCTION
Estimates of dairy manure nitrogen (N) availability are commonly developed by measuring net changes in soil inorganic N concentration [including both nitrate (N0 3 ) and ammonium (NHt)] over time. Most reports of net mineralization or nitrification that focus on differences in manure composition, source, or treatment use aerobic incubation methods under controlled temperature and soil water conditions. Douglas and Magdoff (1991) , Griffin, He, and Honeycutt (2005) , and Van Kessel and Reeves (2002) are examples, estimating mineralization of manure organic N from 3, 9, and 107 dairy manures, respectively. A smaller number of comparisons have been conducted under field conditions that include climatic variability and crop uptake components (Paul and Beauchamp 1993) . Despite common assumptions that up to 35-50% of manure organic N may be mineralized in the first growing season after application or during an equivalent incubation period (Klausner et al. 1994) , reports that net mineralization of manure N are zero or near zero, with some manures resulting in net immobilization of N in soil, are common (Eghball 2000; Griffin et al. 2000; Griffin et al. 2005; Paul and Beauchamp 1993; Van Kessel and Reeves 2002) . While valuable, these experiments shed little light on internal cycling of manure Nand carbon (C) in the soil, because they account for only changes in N pool size over time without providing any information on the flow of N into and out of soil N pools (Barraclough 1991; Wang et al. 2001) .
The stable isotope 15N can be used in two ways to investigate manure N cycling in soil. Munoz et al. (2003) and Paul and Beauchamp (1995) used 15N-labeled manure and 15N enrichment of the slurry NHt pool, respectively, to investigate the fate of manure N by following or tracing the 15N enrichment into soil N pools and into crop biomass. Similar investigations of sheep manure 15N (Serensen, Jensen, and Nielsen 1994; Thomsen 2001; Thomsen et al. 2003) and fertilizer 15N recovery have also been conducted (Glendining et al. 1997; Macdonald et al. 2002; Petersen et al. 2004) .
Alternatively, 15N pool dilution methodology can be used to estimate gross N transformation rates in the soil by measuring the isotopic dilution of a product pool (e.g., NH;t as the product of ammonification) (Myrold and Tiedje 1986), using the mathematical framework originally developed by Bartholomew (1954, 1955) . The 15N pool dilution method accounts for changes in both N pool size and 15N enrichment during a short (usually 1-to 3-d) sampling interval. This method has been applied to the mineralization of soil organic matter N in grasslands (Accoe et al. 2004; Corre et al. 2002) , tilled agricultural soils (Burger and Jackson 2003) , and forest soils (Bengtsson et al. 2003; Hart et al. 1994) . However, estimates of gross transformation of manure N using 15N pool dilution are very limited, including that of Serensen (2001) for sheep manure. The objectives of this research were 1) to measure gross mineralization, immobilization, and nitrification rates for freeze-dried dairy manures and 2) to compare gross to net transformation rates for the same soil/manure combinations.
MATERIALS AND METHODS
A sandy loam soil (unnamed series; coarse-loamy, mixed, frigid Typic Haplorthod) was obtained from the 0-to l5-cm layer of a tilled field at the USDA-ARS research site near Newport, ME. Initial soil nutrient levels are shown in Table 1 , as determined by the modified Morgan extraction (McIntosh 1969) and inductively coupled plasma emission spectroscopy (K'P) , along with particle-size distribution estimated using the sieving method of Kettler, Doran, and Gilbert (2001) . The soil was sieved (2 mm) while still field-moist, then air-dried in a thin layer on a greenhouse bench, and stored until needed.
Four dairy manures were used in this research. These are a subset of the nine manures used by Griffin et al. (2005) , where they were designated B, F, G, and H; these designations have been retained here. They were included here specifically because they exhibited distinctly different patterns of nitrification of manure N (Griffin et al. 2005) , despite the fact that each contained appreciable Nat. Manure B was obtained from a set of samples submitted to the University of Maine Analytical Laboratory. Manures F, G, and H were collected from commercial dairy farms in central Maine. Each manure was homogenized using a large food processor. Organic N concentration in the fresh sample was estimated as the difference between total Kjeldahl N (Kane 1998) and NHt concentration determined by distillation of NHt (-20°C) , and then freeze dried (-80°C), and ground (2 mm). Ammonium N concentration of the freeze-dried manure was measured following Qafoku et al. (2001) , by extracting 0.5 g of manure in 40 mL of 1.0 M potassium chloride (KC1), filtering through a 0.45-f.Lm filter, and determining solution NHt concentration colorimetrically on a Lachat Autoanalyzer (Lachat Instruments, Mequon WI). It was assumed that organic N concentration was not altered by freeze drying, so the estimate derived from the fresh sample was used. Neutral detergent fiber (Mertens 2002 ) concentration of manures was estimated by agitating a 1.0-g sample in an individual preweighed Dacron bag, using an automated Ankom 200 Fiber Analyzer (ANKOM Technology, Fairport, NY), rinsing three times, and drying to constant weight. Total C concentration in the manure was determined by thermal conductivity detection following combustion at 1650°C on a CE Instruments NA2500 elemental analyzer (ThermaQuest Italia S.p.A., Rodano, Italy). All analyses were done in duplicate, and characteristics of the freeze-dried dairy manures are shown in Table 2 .
The aerobic incubation protocol used was similar to that used by Accoe et al. (2004) and Serensen (2001) , except that a slightly smaller soil mass (25 g) was incubated. Incubation vessels were 50-mL glass beakers, covered with parafilm. The four freeze-dried manures were applied at the same rate as in Griffin et al. (2005) (i.e., 100 mg organic N kg -1 dry soil equivalent), and an unamended control was also included. A sufficient number of vessels of each manure treatment were amended to conduct the entire 15N isotopic pool dilution protocol in triplicate.
For each treatment, a triplicate set of samples of each treatment was extracted immediately after amendment with manure. The entire soil mass in the vessel was extracted with 125 mL of 2 M KCl. The I5N isotopic pool dilution described by Hart et al. (1994) was implemented twice during the incubation, beginning at day 7 and at day 56. These intervals were chosen because they had previously been characterized by rapid (7-to 9-d) and slower (56-to 58-d) net N transformation rates (Griffin and Honeycutt 2000; Griffin et al. 2005) . For each treatment replicate at each sampling interval, five individual incubation vessels were used. The soil in one vessel was extracted as described previously, without addition of any I5N; this provided an estimate of background I5N enrichment of soil solution NO;-and NHt. Two vessels received 2 mL of solution containing I5NHt (99 atom percent excess, APE), at a rate equivalent to 2 mg NHt-Nkg-I dry soil, applied by pipetting solution directly onto the soil surface. Because the soil thickness in the vessel was only 20 mm, this application method was believed to uniformly distribute I5N solution through the profile, an assumption also made by Accoe et al. (2004) . Using data from Griffin et al. (2005) , applying I5NHt at this rate was estimated to increase the size of the soil NHt pool by only about 10%, with sufficient I5N enrichment for dilution over the subsequent 48-h period. One I5NHt vessel was extracted 15 min after addition of I5N (To for pool dilution), and the other was extracted 48 h later (T2d). Another set of two vessels received I5NO;-(10 APE) at a rate of 10 mg NO;--N kg -1 dry soil, also increasing NO;-pool size by 10% or less, which were extracted To and T2d• The NHt and NO;-concentrations in KCl extracts were determined colorimetrically, as described previously. The determination of I5N enrichment of NHt and NO;-in the extracts followed the diffusion procedure of . Stark and Hart (1996) , with capture of N on acidified [5 /-LLof potassium sulfate (K2S04)l filter-paper discs enclosed in teflon (PFTE) tape. Ammonium N (50-to 100-/-Lg N vessel-I) was diffused in a sealed vessel for 7 d after addition of 0.2 g of McO. The diffusion vessel was gently agitated during the entire diffusion period. Because of the difference in NHt and NO;-concentrations in the extract solutions, a separate diffusion was utilized to capture NO;-(75 to l25-/-Lg vessel-I). Ammonium N was removed by first diffusing as described previously and then leaving the vessel open for an additional 7 d. Nitrate was diffused in the same sealed vessel following the addition of 0.2 g of MgO and 0.4 g of DeVarda's alloy. For both sampling intervals (7 to 9 d and 56 to 58 d), the calculations of Hart et al. (1994) were used to estimate gross mineralization (m) via the dilution of I5NHt, as follows: Murphy et al. (2003) :
which is gross mineralization minus net mineralization. In all gross rate estimations, the diffusion efficiency and the mass and 15N enrichment of the diffusion matrix (2 M KCI) plus reagents were estimated as in Stark and Hart (1996) , using diffused and non diffused NH;t and NO;-standards at natural abundance and at 5 APE. Differences in transformation rates were identified by analysis of variance and, where significant, separated by least significant difference (LSD). Because of the high variability typical of 15N pool dilution, a probability value (P) of 10% was used in calculating the LSD. Net mineralization and nitrification rates were calculated from data of Griffin et al. (2005) . Both transformations followed the exponential model
where Yo is the soil N concentration at t = 0, No estimates the size of the N pool that can be nitrified or mineralized, and k is the rate constant. The instantaneous transformation rates for control and amended soils at day 8 and day 57 (i.e., the midpoint of each 15N pool dilution sampling) were estimated as the first derivative of the regression equation, yielding the slope of the regression line at each point in time.
RESULTS AND DISCUSSION
Mineralization of Soil and Manure N Gross mineralization in the unamended soil was similar at 7-to 9-d and 56-to 58-d intervals (1.21 and 0.99 mg N kg -1 soil d-1 ; Figure 1 ). These rates are slightly higher but similar in magnitude to previous reports. For example, Tlustos et al. (1998) measured a gross mineralization rate of 0.67 mg N kg -1 soil d -1 in an arable soil. They did not report soil texture, but the arable soil had a C concentration of only 10.7 g kg -1, compared to approximately 25.2 g kg -1 for the soil used here. Burger and Jackson (2003) measured a gross mineralization rate of 0.5 mg N kg -1 soil d-1 , also in a very low-organic-matter soil (10 g C kg-1 soil) under conventional management. The two soils used by Serensen (2001) had greater sand content than the soil used here (650 and 890 g sand kg-1 soil) and also substantially lower organic matter concentration (13-14 g C kg -1 soil); the gross mineralization rates for these soils at 7 d was 0.52 and 0.54 mg N kg -1 soil d-1 . soils, but is much smaller than that reported by Hart et al. (1994) for forest soils.
The application of manure increased gross mineralization rate during both sampling intervals, compared to the unamended control soil. At 7-9 d, the increase was between 0.6 (manure F) and 1.5 (manure H) mg N kg-I soil d-I . Manures G and H had higher gross mineralization rates than manures Band F during this sampling interval. Using the difference method (Murphy et al. 2003) , the increase in gross mineralization rate of amended soils relative to the control soil can be interpreted as mineralization of manure organic N, assuming that soil N mineralizes at the same rate in amended and unamended soil. This means that between 0.6 and 1.5% of applied manure organic N is being mineralized per day shortly after incorporation of the manures. In the only other pool-dilution study of this kind, Serensen (2001) found that the application of sheep manure increased gross mineralization rate between 1.4 and 1.9 mg N kg -I soil d -I, compared to unamended soil, with 10-13% of manure organic N being mineralized in the first week after application.
By 56-58 d, the increase in gross mineralization rate of manure N was slightly smaller (0.60 to 0.68 mg N kg -I soil d-I ), compared to the unamended soil. Manures B, G, and H were very similar, while manure F mineralized more quickly (0.9 mg N kg-I soil d-I ) than the other manures.
At 7-9 d after manure application, gross mineralization was approximately two-to nine-fold faster (manures Band H, respectively) than net mineralization. By 56-58 d, the range is slightly narrower, approximately three-to six-fold greater for manures B and H, respectively, but is still a substantial difference. Comparison of net and gross mineralization rates for manure-amended soils illustrates the degree to which manure N can be cycled internally in the soil. It also highlights the primary shortcoming of estimating net mineralization during aerobic incubation or in the field. Specifically, manures that result either in no accumulation of mineral N or cause immobilization of mineral N (like manures F and H, as shown in Figure 2 ) still stimulate cycling of N in the soil, and low net mineralization rates are not necessarily indicative of low gross mineralization rates (Wang et al. 2001 ).
Immobilization of Manure N Gross immobilization of N in the soil can be estimated in several ways using 15N, as discussed by Murphy et al, (2003) . The only direct measurement is to trace 15N enrichment into the soil microbial biomass over time. This is complicated by uncertainty over the extraction efficiency and other factors in estimating soil microbial biomass N (Harris et al. 1997; Horwath et al. 1996; Voroney and Paul 1984) . Alternatively, gross immobilization can be Griffin et al. (2005) , this manure was notable in that it was the only manure to result in significant net immobilization of N in the same soil (Figure 2) . Generally, the immobilization of inorganic N in the soil is strongly related to the availability of C as an energy source (Murphy et al. 2003; Myrold and Tiedje 1986), and DiazFierros et al. (1988) , Griffin et al. (2005) , and Serensen (1998) all demonstrated that net transformations of manure N can also be strongly affected by the relationship of manure C and N fractions. In the early stage of mineralization (7-9 d after incorporation), manure C also affects gross N transformations. Figure 4 shows the relationship between manure C input (ranging from 750 to 3000 mg manure C kg -1 soil) and the gross mineralization and immobilization rates during the 7-to 9-d interval. Both transformations are linearly related to C input, although the relationship is intervals ( Figure 5 ). Although NO) immobilization has been noted in both agricultural (Burger and Jackson 2003) and forest (Dail et al. 2001 ) soils, it was unexpected here because estimated net nitrification rates (Griffin et al. 2005) were positive for both the early and late sampling intervals, 0.4 and 0.75 mg N kg-1 soil d-1 , respectively. Because each of the manures contained appreciable NHt at the time of application (Table 2) , it is not surprising the gross nitrification rates for amended soil are greater than for the unamended control ( Figure 5 ) during the 7-to 9-d sampling interval. During this period, the supply of NHt should not limit potential nitrification rate. It was expected that gross and net nitrification rates would be similar during the early sampling interval. However, for two of the manures (B and G), the estimated gross nitrification rate is less than the net nitrification rate. It is not likely that this is due to significant NO;-immobilization. Instead, this discrepancy may be due to either variability in the gross rate estimation (which was more variable than those parameters estimated by 15NHt dilution) or the fact that gross and net nitrification rates were estimated during separate aerobic incubations.
For manures F, G, and H, gross nitrification rates during 56-to 58-d interval were similar to those at 7 -9 d. Manure B, however, had a much lower nitrification rate at 56-to 58-d; this simply may be due to rapid nitrification of available NHt earlier in the incubation. As shown in Figure 2 , NO) accumulates rapidly after incorporation of this manure, essentially reaching its maximum net accumulation by about 50 d after application.
CONCLUSIONS
Cycling of manure N in soil has implications for estimating N availability in the short term and understanding long-term accumulation or loss of manure N. The research reported here clearly shows that application of dairy manures stimulates gross N transformation rates in soil. The magnitude of increase in gross mineralization and immobilization rates shortly after manure application (7-9 d) was related to the amount of C applied in the manure. Gross transformation rates were typically two-to ten-fold greater than net transformation rates of the same manure + soil combinations, a clear illustration of the impact of adding manure Nand C substrates, even when corresponding net transformation rates were low or zero.
